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ABSTRACT 
I Studies have been conducted i n  a vacuum environment w i t h  the  m a t e r i a l s  o f  
concern i n  l u b r i c a t i o n  systems, namely, the l u b r i c a n t  and the  ma te r ia l  t o  be 
l ub r i ca ted .  Evaporat ion experiments have been conducted w i t h  var ious  f l u i d s ,  
greases, inorgan ic  compounds and s o f t  metals i n  o rder  t o  determine the  
0 m g i n f luence o f  a vacuum environment on evaporat ion behavior.  F r i c t i o n ,  adhesion 
I w and wear experiments have been conducted w i t h  the var ious  ma te r ia l s  used i n  
l u b r i c a t i o n  systems i n  an at tempt t o  determine the  i n f l uence  o f  a vacuum 
environment on f r i c t i o n ,  wear and adhesion. The r e s u l t s  o f  these s tud ies  have 
ind i ca ted  t h a t  w h i l e  r e l a t i v e l y  h igh  ra tes  o f  evaporat ion may be obta ined f o r  
convent ional  o i l  and grease l u b r i c a n t s  these m a t e r i a l s  may be e f f e c t i v e l y  
u t i l i z e d  i f  concepts such as molecular f l cw  seals  a re  used t o  reduce evaporat ive 
losses. Fur ther ,  f o r  prolonged exposure t o  vacuum environment, many inorgan ic  
compounds and s o f t  metal f i l m s  have p o t e n t i a l  usefulness. I n  a d d i t i o n  t o  
evapora t ion  losses, concern must be provided f o r  the type o f  l u b r i c a n t  t h a t  i s  
used. 
problem. 
With convent ional  l u b r i c a n t s  degassing o f  the f l u i d s  can present a 
The r e s u l t s  o f  s l i d i n g  f r i c t i o n  experiments i n  a vacuum environment 
i n d i c a t e  t h a t  t he re  a re  bas ic  m e t a l l i c  s t ruc tu res  which have markedly super io r  
f r i c t i o n ,  wear and less  tendency t o  adhere than now convent iona l l y  used bear ing 
ma te r ia l s .  
used t o  prepare a l l o y s  s p e c i f i c a l l y  designed f o r  use i n  l u b r i c a t i o n  mechanisms. 
Se lec t i ve  a l l o y i n g  o f  these m e t a l l i c  s t r u c t u r e s  cou ld  be e f f e c t i v e l y  
X-52284 
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INTRODUCTION 
I n  any l u b r i c a t i o n  system there are e s s e n t i a l l y  two major components. These 
are  the ma te r ia l  sur face t o  be l ub r i ca ted  and the  l u b r i c a n t .  Th is  app l ies  t o  
such complex systems as instrument bear ing and gear assemblies as we l l  as t o  
such commonplace devices as la tches  and hinges. 
w i l l  genera l l y  remain r e l a t i v e l y  unchanged (namely, some type o f  l u b r i c a n t  and 
a ma te r ia l  t o  be l ub r i ca ted )  t h e  environment i n  which the system must operate 
may change. 
room temperature, cryogenic  f l u i d s ,  a cor ros ive  media, opera t ion  a t  extremely 
h igh  temperatures o r  a vacuum environment s imu la t i ng  space cond i t ions .  The 
task  then o f  understanding the behavior o f  l u b r i c a t i n g  systems and t h e i r  
ope ra t i on  i n  var ious  environments becomes one o f  understanding the  i n f l uence  
o f  t h a t  environment on the  l u b r i c a t i o n  system components. 
While the  two bas ic  components 
The environment may be normal a i r  a t  atmospheric pressure and 
The vacuum environment o f  space d i f f e r s  from the normal atmospheric 
environment i n  two major respects. F i r s t ,  the ambient pressures are  apprec iab ly  
reduced, and second, there  i s  a lack  o f  oxygen. There a re  o ther  f a c t o r s  i n  a 
space environment such as rad ia t i on ,  s o l i d  p a r t i c u l a t e  matter,  and ion ized and 
atomic species of gases. 
l e v e l s  and concentrat ions o f  o n l y  second order  importance t o  l u b r i c a t i o n  
sys terns. 
The reduced ambient pressure o f  a space environment has two major e f f e c t s  
These l a t t e r  c h a r a c t e r i s t i c s  a re  because o f  t h e i r  
on the  l u b r i c a n t s  i n  l u b r i c a t i o n  systems. It w i l l  degas the l u b r i c a n t  and w i l l  
enhance evaporat ion.  
vapor. These d isso lved species have been shown t o  have a b e n e f i c i a l  in f luence 
under severe boundary l u b r i c a t i n g  cond i t ions  ( r e f .  1 ) .  Evaporat ion may be a 
problem p a r t i c u l a r l y  w i t h  organic  o i l s  and greases, s ince complete evaporat ion 
Degassing w i l l  remove such gases as oxygen and water 
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would r e s u l t  i n  the loss  o f  one component o f  t he  system. 
The absence o f  oxygen i n  a space environment cou ld  r e s u l t  i n  c o l d  weld ing 
o f  mechanical components where l ub r i can ts  a re  not  present o r  have evaporated. 
Present day l u b r i c a t i o n  concepts inc lude the  presence o f  normal surface oxides 
and adsorbates on mechanical p a r t s  as a component o f  the i n teg ra ted  system. 
The o b j e c t i v e  o f  t h i s  p resenta t ion  i s  t o  examine the e f f e c t s  o f  a vacuum 
environment on the two major components o f  a l u b r i c a t i o n  system, the  l u b r i c a n t  
and the  ma te r ia l  t o  be lubr ica ted .  Some e f f e c t s  o f  vacuum on l u b r i c a n t s  t o  be 
examined w i l l  inc lude evaporation, degassing, and adherence o f  s o l i d  l u b r i c a n t  
f i l m s .  With respect t o  the  ma te r ia l  t o  be l u b r i c a t e d  some o f  the p roper t i es  
t o  be examined w i l l  i nc lude the e f f e c t s  o f  reduced pressures, c lean surfaces, 
metal s t ruc tu re ,  and s e l e c t i v e  a l l o y i n g .  
APPARATUS 
A t y p i c a  vacuum apparatus used i n  the measurement o f  f r i c t i o n  and wear 
i s  shown i n  F g. 1. The bas ic  elements o f  the  apparatus were the t e s t  
specimens (2- /2-inch-diameter f l a t  d i s k  and 3/16- inch-radius r i d e r )  mounted 
i n  a vacuum chamber. 
coupl ing.  
inch a p a r t  w i t h  a 0.30-inch diaphragm between magnet faces. 
ou ts ide  t h e  vacuum system was coupled t o  a low speed e l e c t r i c  motor. The 
d r i v e r  magnet was complete ly  enclosed w i t h  a n i c k e l - a l l o y  housing (cutaway i n  
F ig .  1 )  and was mounted a t  the  upper end o f  the s h a f t  w i t h i n  the chamber. 
d i s k  specimen was a t  the  lower end o f  the shaf t .  
The d i s k  specimen was d r i v e n  through a magnetic d r i v e  
The coup l ing  consis ted o f  two 20-pole magnets spaced a x i a l l y  0.150 
The d r i v e  magnet 
The 
The r i d e r  specimen was supported i n  t h e  specimen chamber by an arm mounted 
A l i nkage a t  the  end of the by gimbals and sealed by a bel lows t o  t h e  chamber. 
r e t a i n i n g  arm away from the r i d e r  specimen was connected t o  a s t ra in-gage 
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assembly. The assembly was used t o  measure f r i c t i o n a l  force.  F r i c t i o n  
c o e f f i c i e n t s  repor ted  could be determined t o  w i t h i n  20.005. Load was app l ied  
. through a dead-weight loading system. D i r e c t l y  opposi te  the  load (a t  180") 
was a s t ra in-gage assembly f o r  measuring adhesion forces. 
Attached t o  the  lower end o f  the specimen chamber was a 500- l i t e r -pe r -  
second i o n i z a t i o n  pump and a vac-sorpt ion forepump. The pressure i n  the  
chamber ad jacent  t o  the  specimen was measured w i t h  a cold-cathode i o n i z a t i o n  
gage. A lso  present i n  the  apparatus was a d ia t ron- type mass spectrometer (not 
shown i n  F ig .  1 )  f o r  de termina t ion  o f  gases present i n  the vacuum system. A 
20-foot, 5/16-inch-diameter s t a i n l e s s  s tee l  c o i l  was used f o r  l i q u i d - n i t r o g e n  
and l i qu id -he l i um cryopumping o f  t he  vacuum system. The vacuum chamber and 
specimens were baked out  a t  200 C f o r  16 hours p r i o r  t o  each experiment. 
RESULTS AND D I SCUSS 1 ON 
Lubr icants  
The most severe e f f e c t  t h a t  a vacuum environment s imu la t i ng  space 
cond i t i ons  can genera l l y  have on l ub r i can ts  p a r t i c u l a r l y  organic  o i l s  and 
greases i s  t o  markedly acce le ra te  t h e i r  evaporat ion rates.  De ta i l ed  s tud ies  
have been conducted i n  a vacuum environment s imu la t i ng  space cond i t i ons  t o  
determine t h e w a p o r a t i o n  ra tes  o f  var ious p o t e n t i a l  l u b r i c a t i n g  ma te r ia l s .  
These s tud ies  have been conducted under cond i t i ons  such t h a t  the most severe 
type of  evaporat ion i s  simulated, t h a t  i s ,  there  i s  no r e s t r i c t i o n  t o  the 
evapora t ion  process and f o r  the molecules leav ing  the sur face there  i s  no 
r e t u r n  t o  the  parent evaporat ing mater ia l .  
many exper iments have been conducted w i t h  var ious  organic,  inorgan ic  and m e t a l l i c  
l u b r i c a t i n g  m a t e r i a l s  ( r e f .  1-3). Figure 2 presents some summary data obta ined 
I n  the course o f  these s tud ies  
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f o r  var ious  p o t e n t i a l  l u b r i c a t i n g  mater ia ls .  Th is  f i g u r e  i nd i ca tes  the 
r e l a t i v e  evaporat ion ra tes  f o r  var ious  p o t e n t i a l  l ub r i can ts .  
The o i l s  and greases organ ic  ma te r ia l s  have the  h ighes t  ra tes  o f  evaporat ion.  
The inorgan ic  compounds, such as molybdenum disu lph ide,  have some o f  the lowest 
ra tes  o f  d i s s o c i a t i o n  o r  evaporation. 
indium and t i n ,  have extremely low evaporat ion ra tes  a t  moderate temperatures. 
The evaporat ion experiments o f  F igure 2 were a l l  conducted a t  ambient 
temperatures o f  200 and 400°F. 
temperatures above 400OF the  evaporat ion ra tes  f o r  the var ious  l u b r i c a t i n g  
ma te r ia l s  can be expected t o  increase. Fur ther ,  f o r  some inorgan ic  compounds 
Some m e t a l l i c  f i lms ,  such as g a l l i u m  
A t  s i g n i f i c a n t l y  h igher  temperatures or 
d i s s o c i a t i o n  may occur much more read i l y .  
From the  da ta  presented i n  F igure  2, we can r e a d i l y  see t h a t  f o r  long 
t ime space app ica t ions ,  i t  would c e r t a i n l y  be des i rab le  t o  u t i l i z e  inorgan 
o r  m e t a l l i c  f i  m m a t e r i a l s  as lubr ican ts .  While these ma te r ia l s  have much 
lower evaporat  on ra tes  than convent ional  o i l  and grease lub r i can ts ,  they a 
C 
so 
have some notab le  l i m i t a t i o n s .  Normally these ma te r ia l s  a re  app l i ed  as t h i n  
f i l m s  t o  t h e  sur faces t o  be l u b r i c a t e d  ( r e f .  4, 5 and 6). These f i l m s  then 
have f i n i t e  endurance l i v e s .  These l i v e s  f requen t l y  cannot be accura te ly  
p red ic ted .  
Therefore, a need f o r  cons iderable improvement i n  the r e l i a b i l i t y  o f  such coat ings  
would be ext remely he1 p f u l  . 
I n  space mechanisms we must have the  maximum i n  r e l i a b i l i t y .  
One o f  the most severe l i m i t a t i o n s  o f  the  p resen t l y  used s o l i d  f i l m s  i s  
t h e i r  poor adherence to the component t o  be l ub r i ca ted .  
where outgass ing o f  bo th  subs t ra te  and coat ing  can take p lace the problem i s  
even more c r i t i c a l .  
I n  a vacuum environment 
Techniques a re  being c u r r e n t l y  developed f o r  the  a p p l i c a t i o n  
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o f  m e t a l l i c  and inorgan ic  compounds w i thout  the use o f  b inders and w i t h  
markedly super io r  adherence t o  p resent ly  used coat ings ( re f .  5 and 6). 
I n  us ing  convent ional  organic  o i l  and grease l u b r i c a n t s  a number o f  
techniques have been devised t o  reduce the loss o f  l u b r i c a n t s  due t o  the 
evaporat ion from a space mechanism. One such dev ice has been the  u t  l i z a t i o n  
o f  molecular f l o w  seals.  
reduce the evaporat ive loss  o f  o i l  and greases from components t o  be l ub r i ca ted .  
This means o f  reducing evaporat ion can be q u i t e  e f f e c t i v e  and prov ide  f o r  e f f e c t i v e  
l u b r i c a t i o n  o f  mechanical components f o r  long per iods.  For example, i n  the  
T i r o s  I I  s a t e l l i t e ,  bear ings opera t ing  success fu l l y  f o r  over one year w i t h  a 
convent ional  es te r  l u b r i c a n t  u t i 1  i z i n g  the molecular f l o w  seal  concept ( r e f .  7) .  
Th is  approach appears very a t t r a c t i v e  f o r  use w i t h  convent ional  l u b r i c a n t s  such 
as o i l s  and greases. With o rgan ic  f l u i d s  i t  would be o f  i n t e r e s t  t o  know what 
e f f e c t  t he  molecular weight  f o r  a p a r t i c u l a r  species o f  a f l u i d  has on i t s  
evapora t ion  c h a r a c t e r i s t i c s .  From the  Langmuir equat ion one might p r e d i c t  
t h a t  the evaporat ion r a t e  f o r  an o i l  o r  grease might be a f u n c t i o n  o f  i t s  
molecular  weight.  
w i t h  a po lya lky lene g l y c o l  group o f  f l u i d s  i n  which each cons t i t uen t  f l u i d  had 
a d i f f e r e n t  molecular weight.  The r e s u l t s  o f  some evaporat ion experiments 
conducted i n  vacuum w i t h  t h i s  se r ies  of f l u i d s  a re  presented i n  F igure  3 .  
Examinat ion o f  F igure  3 i nd ica tes  t h a t  the h igher  the  molecular weight b f  the  
f l u i d  the lower i s  the  evaporat ion ra te .  Further,  F igure  3 i s  a p l o t  of 
The use o f  molecular f l o w  seals  can marked y 
A se r ies  o f  evaporat ion experiments were conducted i n  vacuum 
evapora t ion  r a t e  as a f u n c t i o n  o f  temperature and the  h igher  the  molecular 
weight  o f  the  f l u i d  the h igher  the  temperature t o  which the f l u i d  can be 
e f f e c t i v e l y  u t i l i z e d  i n  a vacuum environment. 
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A vacuum environment s t i m u l a t i n g  space cond i t i ons  no t  on l y  markedly 
in f luences  the  evaporat ion p roper t i es  o f  the l u b r i c a t i n g  ma te r ia l s  bu t  a l s o  
has a marked e f f e c t  upon the  removal o f  gaseous c o n s t i t u e n t s  d isso lved i n  the 
l u b r i c a t i n g  ma te r ia l s  ( r e f .  8). 
o r  the removal o f  these gaseous species would have on the  l u b r i c a t i n g  
p roper t i es  o f  the f l u i d s ,  some experiments were conducted w i t h  f l u i d s  which 
were used as received and the  same f l u i d  a f t e r  a thorough degassing t o  remove 
such gaseous species as oxygen and water vapor. Resul ts  obta ined i n  f r i c t i o n  
and wear experiments w i t h  two t y p i c a l  f l u ids ,  a polyphenyl e ther  and a 
chloromethyl  s i l i c o n e  a re  presented i n  Figure 4. 
I n  order t o  determine what e f fec t  degassing 
The data of F igure  4 i nd i ca te  t h a t  f o r  the polyphenyl e ther  degassing 
markedly in f luences  the f r i c t i o n  and wear  p roper t i es  o f  the f l u i d .  An increase 
i n  f r i c t i o n  and wear was observed w i t h  the degassed polyphenyl e ther  f l u i d .  
With the chloromethyl  s i l i c o n e ,  however, degassing d i d  not  markedly a l t e r  the 
f r i c t i o n  behavior o f  t he  f l u i d  i n  l u b r i c a t i n g  n i c k e l .  With t h i s  f l u i d  a 
decrease i n  wear was observed w i t h  degassing. The reason t h a t  polyphenyl e ther  
may be markedly in f luenced by degassing and the  chloromethyl  i s  no t  may r e s t  
w i t h  the  presence o f  the  c h l o r i n e  i n  the chloromethyl  s i l i c o n e .  The c h l o r i n e  
i n  the  molecule ac ts  as an extreme pressure l u b r i c a n t  a t  the  s l i d i n g  i n te r face  
p r o v i d i n g  f o r  e f f e c t i v e  boundary l u b r i c a t i o n  due t o  fo rmat ion  o f  inorganic  
m e t a l l i c  c h l o r i d e  f i l m s .  The presence o f  oxygen and water vapor does not  
improve the  l u b r i c a t i n g  p roper t i es  o f  t h i s  f l u i d .  With the  polyphenyl ether,  
however, no r e a c t i v e  atoms such as ch lo r i ne  are present i n  the  molecular con- 
f i g u r a t i o n  and the  f l u i d  i t s e l f  i s  i nhe ren t l y  a poor l u b r i c a t i n g  ma te r ia l .  I t s  
a b i l i t y  t o  l u b r i c a t e  i s  reduced apprec iab ly  by removal o f  d isso lved gases which 
c o n t a i n  c o n s t i t u e n t s  which might normal ly reac t  w i t h  the sur face t o  form extreme 
pressure boundary 1 ubr i can ts .  
The r e s u l t s  obta ined i n  one such ser ies  o f  experiments a re  shown i n  F igure 5. 
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From the  r e s u l t s  presented thus f a r  i t  becomes somewhat ev ident  t h a t  a 
- vacuum environment s imu la t i ng  space cond i t ions  c e r t a i n l y  in f luences  the  
evaporat ion p roper t i es  o f  l u b r i c a n t s  and secondly t h a t  the vacuum environment 
of space reduces apprec iab ly  the  presence o f  d isso lved gases from normal 
l ub r i can ts .  
Ma te r ia l s  f o r  Mechanical Components o f  L u b r i c a t i o n  Systems 
The m a t e r i a l s  p rov id ing  l u b r i c a t i o n  f o r  mechanical components o f  space 
mechanisms a re  important, but  of equal importance a r e  the m a t e r i a l s  t o  be 
l ub r i ca ted .  These ma te r ia l s  can take the form of bearings, gears, seals, 
latches, o r  some o ther  mechanical device. I n  general, some type o f  l u b r i c a t i o n  
i s  prov ided t o  adequately handle the l u b r i c a t i o n  o f  the  mechanical component 
du r ing  i t s  operat ion.  There is ,  however, always the p o s s i b i l i t y  t h a t  the 
l u b r i c a n t  w i l l  be l o s t  from the  system due t o  evaporat ion o r  some o the r  process 
which cou ld  r e s u l t  i n  metal t o  metal contact .  Even i f  a complete l oss  of a 
l u b r i c a n t  does no t  occur, and boundary l u b r i c a t i n g  cond i t i ons  e x i s t ,  a c e r t a i n  
amount o f  metal t o  metal contact  through the  l u b r i c a t i n g  f i l m  w i l l  occur. It, 
there fore ,  i s  important t o  understand the f r i c t ion ,adhes ion  and wear behavior 
of  the  mechanical component m a t e r i a l s  i n  the  absence o f  l ub r i can ts .  
I n  o rder  t o  determine the  in f luence o f  reduced ambient pressures on the 
f r i c t i o n  p r o p e r t i e s  o f  a ma te r ia l ,  a ser ies  o f  f r i c t i o n  experiments were con- 
ducted i n  a vacuum environment w i t h  t h e  very  commonly used bear ing s tee l  52100. 
In the  i n i t i a l  experiments, s l i d i n g  f r i c t i o n  experiments were conducted t o  
determine the i n f l uence  of reducing the ambient pressure on f r i c t i o n  coe f f i c i en ts .  
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The data o f  F igure  5 i nd i ca te  t h a t  r e l a t i v e l y  h igh  f r i c t i o n  c o e f f i c i e n t s ,  
approximately .5, a r e  obta ined f o r  52100 bear ing  s tee l  i n  s l i d i n g  contac t  w i t h  
i t s e l f .  As the ambient pressure i s  reduced however the f r i c t i o n  c o e f f i c i e n t  
decreases t o  a minimal va lue i n  a pressure reg ion  t o  IO t o r r .  The 
f r i c t i o n  c o e f f i c i e n t  then begins t o  increase. 
-6 
The h igh  f r i c t i o n  c o e f f i c i e n t  a t  ambient pressure o f  760 t o r r  may be 
associated w i t h  the presence o f  t he  h igher  oxides o f  i r o n  on the metal surface, 
namely, Fe 0 As the  pressure i s  reduced, however, l ess  oxygen and water 
vapor a re  a v a i l a b l e  f o r  reac t i on  w i t h  the m e t a l l i c  surface. As a consequence, 
the lower oxides o f  i ron,  namely, Fe 0 and FeO, a re  formed. These oxides 
have much b e t t e r  l u b r i c a t i n g  p roper t i es  than the h igher  ox ide of i r o n  (Fe 0 ) 
and as a consequence a reduc t ion  i n  f r i c t i o n  c o e f f i c i e n t  i s  observed. If, 
however, t he  pressure i s  f u r t h e r  reduced i n s u f f i c i e n t  oxygen becomes a v a i l a b l e  
t o  form a cont inuous sur face f i l m  and as a consequence an increase i n  metal 
t o  metal con tac t  occurs w i t h  an increase i n  f r i c t i o n  c o e f f i c i e n t .  
2 3' 
3 4  
2 3  
I f  a s i m i l a r  s l i d i n g  f r i c t i o n  experiment w i t h  52100 i n  s l i d i n g  contac t  w i t h  
i t s e l f  i s  conducted w i t h  l i q u i d  he l ium cryopumping o f  t he  vacuum chamber t o  
reduce the  oxygen concent ra t ion  f r i c t i o n  r e s u l t s  s i m i l a r  t o  those shown i n  
F igure  6 a r e  obtained. 
52100 i n  s l i d i n g  contac t  w i t h  i t s e l f  were r e l a t i v e l y  low, approximately 0.5. 
With i nc reas ing  time, however, the  res idual  sur face ox ide i s  worn away and 
oxygen i s  no t  ava i l ab  e t o  reform the surface f i l m .  As a consequence, the 
f r i c t i o n  c o e f f i c i e n t  ncreases very  r a p i d l y  and u l t i m a t e l y  reaches a va lue 
i n  excess o f  5.0 a t  which p o i n t  complete we ld ing  o f  the two specimens occurred. 
The r e s u l t s  presented i n  Figures 5 and 6 w i t h  a commonly used bear ing s tee l  
52100 i n d i c a t e  the  importance o f  res idual  sur face oxides and contaminat ing 
f i l m s  on t h e  f r i c t i o n  behavior o f  mechanical components o f  l u b r i c a t i o n  systems. 
I n  F igure 6 t h e  f r i c t i o n  c o e f f i c i e n t s  i n i t i a l l y  f o r  
I t  wou 
l u b r i c a t i o n  
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d be des i rab le  t o  have ma te r ia l s  i n  mechanica 
systems w i t h , i n h e r e n t l y  low f r i c t i o n  and wear 
components o f  
c h a r a c t e r i s t i c s .  
These ma te r ia l s  would c e r t a i n l y  be des i rab le  f o r  use i n  such systems t o  
prevent the poss ib le  ca tas t roph ic  welding t h a t  i s  observed w i t h  convent ional  
m a t e r i a k  such as 52100 bear ing s tee l  i n  the absence o f  l u b r i c a t i n g  f i lms .  
~ 
I n  the course o f  some o f  our s tud ies  w i t h  s imple unal loyed meta ls  i t  was 
found t h a t  w h i l e  convent ional  cub ic  metals (body centered cubic  and face 
centered cub ic  meta ls)  w i l l  e x h i b i t  very  h igh  f r i c t i o n  c o e f f i c i e n t s ,  adhesion 
and complete weld ing i n  a vacuum environment, hexagonal metals and a l l o y s  
some t y p i c a l  
s are  presented i n  
do not  e x h i b i t  the same tendency. The r e s u l t s  obta ined i n  
f r i c t i o n  experiments w i t h  var ious  cubic  and hexagonal meta 
F igure  7. 
The data o f  F igure  7 i nd i ca te  t h a t  f o r  the  convent ional  face centered 
cub ic  metals, copper and n i cke l ,  i n  s l i d i n g  f r i c t i o n  experiments i n  a vacuum 
environment very h igh  c o e f f i c i e n t s  o f  f r i c t i o n  and complete weld ing o f  the 
meta ls  w i l l  occur. With the  hexagonal metals, such as bery l l ium,  however, 
complete we ld ing  was no t  r e a d i l y  observed. 
low f r i c t i o n  c h a r a c t e r i s t i c s  f o r  the hexagonal metal bery l l ium.  It appears t h a t  
c r y s t a l  s t r u c t u r e  has an in f luence on the f r i c t i o n  p roper t i es  of metals i n  
contac t .  Any metal which e x h i b i t s  a l l i omorphor i c  c h a r a c t e r i s t i c s ,  t h a t  is ,  
t ransforms from one c r y s t a l  form t o  another should e x h i b i t  marked changes i n  
Note p a r t i c u l a r l y  t he  r e l a t i v e l y  
f r i c t i o n  p r o p e r t i e s  w i t h  changes i n  c r y s t a l  s t r u c t u r e .  A metal which i s  of 
cons iderab le  i n t e r e s t  f o r  l u b r i c a t i o n  systems a p p l i c a t i o n s  i s  the  metal coba l t .  
Cobal t  has an a l l i omorphor i c  t ransformat ion.  
packed hexagonal t o  a face centered cubic s t r u c t u r e  a t  a temperature of 
I t  transforms from a c lose  
1 1  
approximately 800°F. In  order  t o  determine i f  the  t rans format ion  i n  coba l t  
from the  hexagonal form t o  the cubic  form would i n  f a c t  e x h i b i t  an in f luence 
- on f r i c t i o n  p roper t i es  f o r  cobal t ,  f r i c t i o n  experiments were conducted i n  
I vacuum w i t h  coba l t  i n  s l i d i n g  contact  w i t h  i t s e l f .  Resul ts  o f  one such se r ies  
of experiments a re  presented i n  F igure  8. 
The data o f  F igure  8 i nd i ca te  w i t h  coba l t  i n  i t s  hexagonal form the 
f r i c t i o n  c o e f f i c i e n t s  a re  r e l a t i v e l y  low, approximately . 3 .  It i s  i n t e r e s t i n g  
t o  note t h a t  these f r i c t i o n  c o e f f i c i e n t s  a r e  lower than those obta ined w i t h  
52100 i n  s l i d i n g  contac t  w i t h  i t s e l f  i n  a i r  a t  760 t o r r .  If, however, the  
temperatures a re  increased t o  near t h a t  o f  the c r y s t a l  t rans format ion  from 
the c losed packed hexagonal t o  face centered cub ic  form, a marked increase i n  
f r i c t i o n  i s  observed. 
If, however, a f t e r  weld ing the specimens a re  separated and al lowed t o  cool  t o  
room temperature t h e  i n i t i a l  f r i c t i o n  c o e f f i c i e n t s  obta ined f o r  coba l t  a re  
once again observed. These r e s u l t s  i nd i ca te  the r e v e r s i b i l i t y  o f  the  coba l t  
c r y  s t a  1 t r a  ns f orma t i on. 
U l t i m a t e l y  complete weld ing o f  coba l t  t o  c o b a l t  occurs. 
I n  a d d i t i o n  t o  the  f r i c t i o n  c o e f f i c i e n t s  being markedly in f luenced by 
the  c r y s t a l  t rans format ion  from a c losed packed hexagonal t o  a face centered 
cub ic  form wear f o r  c o b a l t  i s  a l s o  markedly inf luenced. Wear measurements 
made a t  two temperatures, one for c o b a l t  and i t s  hexagonal form, and the  
second d u r i n g  the  t ransformat ion,  i nd i ca te  a hundred f o l d  d i f fe rence i n  the  
adhesive wear ra tes  f o r  coba l t  i n  the  two c r y s t a l l i n e  forms. 
F igure  8 then, w i t h  t h a t  o f  F igure 7, i nd i ca te  t h a t  c r y s t a l  s t r u c t u r e  c e r t a i n l y  
does i n f l uence  the  f r i c t i o n  and wear behavior f o r  meta ls  i n  the absence o f  
surface f i l m s .  
The data o f  
i s t i c s .  Since c r y s t a l l o g r a p h i c  S I  
upon l a t t i c e  parameters, i t  was f e  
f r i c t i o n  c o e f f i c i e n t s  and the l a t t  
f r i c t i o n  experiments w i t h  a number 
parameter r a t i o s  were conducted i n  
o f  these experiments a re  presented 
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The des i rab le  f r i c t i o n  and wear c h a r a c t e r i s t i c s  f o r  the  hexagonal metals 
were deemed worthy o f  f u r t h e r  i nves t i ga t i on .  De ta i l ed  s tud ies  were, therefore,  
conducted w i t h  var ious  hexagonal meta ls  i n  s l i d i n g  contac t  w i t h  themselves and 
convent ional  bear ing s t e e l s  i n  a vacuum environment t o  determine i f  any 
I 
1 .  d i f f e rences  would e x i s t  i n  the f r i c t i o n  p roper t i es  f o r  var ious  hexagonal 
metals.  I n  the  course o f  these s tud ies,  a r e l a t i o n s h i p  was found t o  e x i s t  
between the  f r i c t i o n  p roper t i es  o f  var ious hexagonal meta ls  and t h e i r  c r y s t a l l o -  
g raph ic  s l i p  behavior.  
metals w i t h  var ious  c r y s t a l l o g r a p h i c  planes o r ien ted  p a r a l l e l  t o  the i n t e r f a c e  
i nd i ca ted  t h a t  i n  hexagonal metals the pre fer red  s l i p  planes, t h a t  i s  the 
s l i p  planes o f  h ighes t  atomic densi ty ,  exh ib i t ed  the lowest f r i c t i o n  character-  
De ta i l ed  s tud ies  w i t h  s i n g l e  c r y s t a l s  o f  hexagonal 
p behavior i n  hexagonal metals i s  dependent 
t tha t  some r e l a t i o n s h i p  must e x i s t  between 
ce parameters f o r  hexagonal metals.  De ta i l ed  
o f  hexagonal meta ls  having var ious l a t t i c e  
a vacuum environment. The r e s u l t s  o f  some 
i n  Figure 9 .  
c ien ts  f o r  var ious  hexagonal metals i n  
s tee l  a re  p l o t t e d  as a f u n c t i o n  o f  the 
ce parameter llall f o r  var ious  hexagonal 
spacing i s  used r a t h e r  than the c/a l a t t i c e  
r a t i o  because f o r  a number o f  hexagonal metals i n  the r a r e  e a r t h  se r ies  more 
than a s i n g l e  s e t  o f  basal planes a re  present i n  the c e l l .  The r e s u l t s  o f  
F igure  9 i n d i c a t e  a d i r e c t  r e l a t i o n s h i p  e x i s t s  between the  l a t t i c e  parameters 
I n  F igure  9 the f r i c t i o n  c o e f f  
s l i d i n g  con tac t  w i t h  440-C s t a i n l e s s  
in te r -basa l  p lanar  spacing over l a t t  
metals.  The term in te r -basa l  p lanar  
o f  hexagonal metals and the 
I 
I ' mechanical deformation, can 
r f r i c t i o n  proper t ies .  S l i p  behavior, dur 
be co r re la ted  f o r  var ious hexagonal meta ls  
ng 
w i t h  
. the c/a l a t t i c e  r a t i o .  Those meta ls  e x h i b i t i n g  c/a l a t t i c e  r a t i o s  near the 
ideal  s tack ing  sequence f o r  atoms i n  hexagonal metals, namely 1.633, e x h i b i t  
predominant ly basal s l i p  mechanisms wh i l e  those which dev ia te  considerably  
such as t i tan ium,  z i rconium and hafnium, e x h i b i t  predominant ly p r i sma t i c  
and secondar i l y  pyr im ida l  s l i p  mechanisms. 
Al though b e r y l l i u m  has a l a t t i c e  r a t i o  which dev ia tes  considerably  from 
the idea l  s tack ing  r a t i o ,  i t  s l i p s  predominantly on basal planes account ing 
c i e n t s  desp i te  i t s  p o s i t i o n  on the 
curve o f  
The 
which a r  
f r i c t  i on 
appl i c a t  
f o r  i t s  r e l a t i v e l y  low f r i c t i o n  c o e f f  
F igure  9. 
data  o f  F igure 9 are  c e r t a i n  
ses i s  how can these data be e f f e c t i v e l y  u t i l i z e d  t o  reduce 
p roper t i es  and adhesion tendencies o f  bear ing  mater ia ls .  A 
on o f  the curve presented i n  Figure 9 might be t o  s e l e c t i v e  
var ious  hexagonal metals t o  improve t h e i r  f r i c t i o n  c h a r a c t e r i s t i c s .  
y i n t e r e s t i n g .  The question, however, 
the 
p rac t  i ca 1 
y a l l o y  
For 
example, i n  space systems t i t a n i u m  i s  a metal f requen t l y  considered f o r  use. 
However, because o f  mechanical s t reng th  considerat ions i t  i s  most f requen t l y  
used i n  t h e  form of  cub ic  a l l o y s .  
wear p r o p e r t i e s  and i s  extremely prone t o  c o l d  weld. 
Ti tanium has n o t o r i o u s l y  poor f r i c t i o n  and 
There are, however, a number o f  a l l o y i n g  elements t h a t  can be added t o  
t i t a n i u m  t o  expand the c/a l a t t i c e  r a t i o  i n  t i t a n i u m  b r i n g i n g  i t  c l o s e r  t o  the 
idea l  s t a c k i n g  sequence f o r  basal s l i p  hexagonal metals such as coba l t  ( re f .  9). 
Some o f  these a l l o y i n g  elements a re  oxygen, t i n  and aluminum. 
were conducted, therefore,  w i t h  t i t an ium t o  which va ry ing  percents o f  two 
Experiments 
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elements were added. 
t i t a n i u m - t i n  a l l o y s  were prepared and i n  the second se r ies  o f  experiments, 
a se r ies  o f  t itanium-aluminum a l l o y s  were prepared. The a l l o y i n g  ma te r ia l  was 
added t o  t i t a n i u m  t o  maximum s o l u b i l i t y .  Care was taken t o  avoid the  format ion 
of  second phases. X-ray determinat ions were made f o r  the l a t t i c e  parameters 
of the hexagonal b ina ry  t i t a n i u m  a l l o y s  formed. F r i c t i o n  experiments were a l s o  
conducted w i t h  these a l l o y s .  L a t t i c e  parameters and f r i c t i o n  c o e f f i c i e n t s  
f o r  these a l l o y s  i n  s l i d i n g  contact  w i t h  themselves are  presented i n  F igure 10. 
The r e s u l t s  o f  F igure  10 i nd i ca te  t h a t  as the c/a l a t t i c e  r a t i o  f o r  t i t an ium-  
t i n  and titanium-aluminum a l l o y s  increases the  f r i c t i o n  c o e f f i c i e n t  decreases. 
These r e s u l t s  would i n d i c a t e  then, t h a t  s e l e c t i v e  a l l o y i n g  can be u t i l i z e d  t o  
reduce the  f r i c t i o n  p roper t i es  of metals. 
I n  one se r ies  o f  experiments a s imple b ina ry  se r ies  o f  
I n  a d d i t i o n  t o  a l t e r i n g  the  l a t t i c e  parameters f o r  hexagonal meta ls  by 
s e l e c t i v e  a l l o y i n g  the c r y s t a l  t rans format ion  temperatures i n  some instances 
f o r  hexagonal metals can a l s o  be a l te red .  For example, the a d d i t i o n  o f  25 
weight percent  molybdenum t o  the hexagonal metal coba l t  can increase the 
t rans fo rma t ion  temperature apprec iab ly .  If a hexagonal metal i s  considered 
f o r  use a t  somewhat e levated temperatures and i t  i s  des i rab le  t o  r e t a i n  the 
hexagonal c r y s t a l l i n e  form t o  these h igher  temperatures s e l e c t i v e  a l l o y i n g  w i t h  
elements such as molybdenum may be e f f e c t i v e l y  u t i l i z e d  t o  achieve des i rab le  
f r i c t i o n  p r o p e r t i e s  over a broader temperature range. Some simple b ina ry  
cobalt-molybdenum a l l o y s  were prepared. A 25 weight percent  molybdenum i n  
c o b a l t  a l l o y  was used i n  s l i d i n g  f r i c t i o n  experiments t o  determine i f, i n  fac t ,  
e l e v a t i n g  the  c r y s t a l  t rans format ion  temperature would have an e f f e c t  on 
f r i c t i o n  p roper t i es .  The r e s u l t s  obtained i n  some s l i d i n g  f r i c t i o n  experiments 
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together  w i t h  data f o r  unal loyed c o b a l t  are presented i n  F igure 1 1 .  The data 
of  Figure 1 1  present the c o e f f i c i e n t s  o f  f r i c t i o n  f o r  the  cobalt-molybdenum 
a l l o y  as a f u n c t i o n  o f  s l i d i n g  v e l o c i t y .  
increases i n  i n t e r f a c e  temperature occurs. I n  a range, where a marked change 
i n  f r i c t i o n  p roper t i es  f o r  coba l t  was observed i n  s l i d i n g  contac t  w i t h  coba l t ,  
a change i n  the  f r i c t i o n  p roper t i es  f o r  the coba l t  molybdenum a l l o y  d i d  not  
occur. These resu l t s ,  then, i nd i ca te  t h a t  such s e l e c t i v e  a l l o y i n g  techniques 
can be e f f e c t i v e l y  u t i l i z e d  t o  r e t a i n  a des i rab le  hexagonal form f o r  metals 
over a broader temperature range. 
With increased s l i d i n g  v e l o c i t y  
The r e s u l t s  presented i n  Figures 10 and 1 1  i nd i ca te  t h a t  by s e l e c t i v e  
a l l o y i n g  we can improve the f r i c t i o n  behavior c h a r a c t e r i s t i c s  f o r  elemental 
metals.  Whi le these s tud ies  were conducted w i t h  simple b ina ry  a l l o y s  which 
by no means represent bear ing compositions o r  ma te r ia l s  f o r  gear a p p l i c a t i o n s  
they do, however, p o i n t  t o  a d i r e c t i o n  i n  which the fo rmula t ion  of a l l o y s  may 
be made w i t h  the  i n t e n t  o f  the a l l o y  being s p e c i f i c a l l y  designed f o r  l u b r i c a t i o n  
systems. That is ,  the a l l o y  has inherent ly  good f r i c t i o n ,  wear and low 
adhesion p roper t i es .  These p roper t i es  are designed i n t o  the a l l o y  i n  i t s  
formulat ion.  This would seem t o  be a much more des i rab le  approach t o  the  use 
of  m a t e r i a l s  i n  l u b r i c a t i o n  systems than the  most f requen t l y  and convent ional  
used technique o f  s imply  ob ta in ing  a l l o y  composi t ions from o ther  s c i e n t i f i c  
f i e l d s  o f  endeavor, such as the too l  s tee l  i ndus t r i es .  I n  a vacuum a p p l i c a t i o n  
o r  extreme vacuum environment i n  space cond i t i ons  i t  c e r t a i n l y  would be des i rab le  
t o  have t h e  l o w  f r i c t i o n ,  wear and adhesion p roper t i es  o f  the  hexagonal metals 
and a l l o y s  i n  the event o f  l u b r i c a t i o n  f a i l u r e .  
In  a d d i t i o n  t o  the  a l l o y i n g  concepts prov ided 
mechanisms have been e f f e c t i v e l y  u t i l i z e d  t o  reduce 
* adhesion p roper t i es  o f  a l l o y s .  Such concepts as a1 
some h igh  
t h i s  type 
the  f r i c t  
on l y  appl 
n F igures 10 and 1 1 ,  o ther  
the  f r i c t i o n ,  wear and 
oy ing  w i t h  i n c l u s i o n  com- 
pounds i n  ma te r ia l s  t o  reduce the  f r i c t i o n  p roper t i es  have been e f f e c t i v e l y  
u t i l i z e d .  For example, sulphur has been e f f e c t i v e l y  added t o  convent ional  
bear ing  s tee l s  t o  rep lace i n  the  process o f  s l i d i n g  contac t  the  normal ly  
formed metal sur face ox ides ( re f .  10). I n  these a l l o y s  an i n c l u s i o n  compound 
i s  b u i l t  i n to  the  a l l o y  s t r u c t u r e  t o  rep lace sur face f i l m s  when they a r e  worn 
away. Another a l l o y  concept which can be e f f e c t i v e l y  u t i l i z e d  t o  reduce 
f r i c t i o n  p roper t i es  o f  ma te r ia l s  i n  a vacuum environment i s  t h a t  o f  the o l d  
lead copper bear ing concept. Th is  concept however has been updated t o  inc lude 
temperature a l l o y  systems and s o l i d  l u b r i c a n t s  ( r e f .  1 1 ) .  Again, 
v e l y  u t i l i z e d  t o  reduce 
n contact .  Th is  no t  
l u b r i c a t i o n  bu t  a l s o  
t o  metal contact  w i l l  
of s e l e c t i v e  a l l o y i n g  approach can be e f f e c t  
on, wear and adhesion behavior o f  m a t e r i a l s  
es t o  m a t e r i a l s  i n  contact  i n  the absence of  
under boundary l u b r i c a t i n g  cond i t i ons  where some metal 
occur . 
CONCLUD I NG REMARKS 
The d iscuss ion  i n  t h i s  p resenta t ion  has d e a l t  w i t h  the  two major 
components invo lved i n  l u b r i c a t i o n  systems intended f o r  use i n  a space env i ron-  
ment, namely, the l u b r i c a n t  and mater ia l  t o  be l ub r i ca ted .  With respect t o  the 
l u b r i c a n t  concern must be g iven t o  the  accelerated evaporat ion o f  l u b r i c a n t  
m a t e r i a l s  i n  a vacuum environment s imu la t ing  space cond i t ions .  Further,  the 
i n f l u e n c e  of  the vacuum environment on degassing convent ional  l u b r i c a t i n g  
m a t e r i a l s  s u c h  a s  o i l s  and areases can a l so  markedly a l t e r  t h e i r  performance 
17 
c h a r a c t e r i s t i c s .  In add i t ion ,  w i t h  the  a p p l i c a t i o n  o f  s o l i d  f i l m  l u b r i c a t i n g  
ma te r ia l s  such as inorgan ic  compounds and s o f t  m e t a l l i c  f i l m s  extreme care 
determine t o  a 
l u b r i c a t i o n  f o r  
i n  f r i c t i o n ,  wear and reduc t i on  i n  the adhesion 
m a t e r i a l s  o f  l u b r i c a t i o n  systems i f  s e l e c t i v e  a 
cepts a re  u t i l i z e d .  Conventional bearing mater 
vacuum environment s imu la t i ng  space condi t ions.  
must be taken t o  p rov ide  f o r  adequate adherence o f  these f i l m s  t o  the sub- 
s t r a t e  ma te r ia l s .  Adherence o f  these coat ings t o  the subs t ra te  ma te r ia l  w i l l  
arge ex ten t  the e f fec t i veness  o f  these coat ings i n  p rov id ing  
1 ong per iods.  
I n  re ference t o  the  ma te r ia l s  t o  be l u b r i c a t e d  a considerable improvement 
tendencies may be obta ined from 
oy i  ng con- 
y i n  a 
a1 l oy  
s t r u c t u r e s  w i t h  bas ic  hexagonal c r y s t a l  forms which have much less  tendency 
t o  c o l d  weld i n  a vacuum environment. These systems c e r t a i n l y  o f f e r  con- 
s ide rab le  promise f o r  use i n  advanced spacecraf t  devices. The data o f  t h i s  
p resen ta t i on  discusses the two components o f  a l u b r i c a t i o n  system. It must 
be ind icated,  however, than an i n t e r r e l a t i o n s h i p  between the l u b r i c a n t  and 
the  ma te r ia l  t o  be l u b r i c a t e d  e x i s t s  and t h i s  must a l s o  be considered i n  any 
s tudy o f  l u b r i c a t i o n  systems. 
l o y i n g  o r  duplex a1 
a l s  w i l l  weld readi  
There are, however 
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Figure 1. - V a c u u m  f r i c t i o n  apparatus. 
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F igure  2. - Evaporation rates f o r  various materials in vacuum. Ambient pressure, 
- m m  Hg. 
M.W. 1,056: 
EVAPORATION 
RATE, 
. 2 -  
COE F F l C  I E N T  
OF F R I C T I O N  * 
0 
t 
- 
I h\\l CS-42570 
10-'0 1 1 1  
0 I00 200 300 400 500 600 
T.EMP, 'F C S-23644 
Figure 3. - Evaporation rates fo r  various molecular  weights of polyalkylene glycol. 
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Figure 6. - Fr ic t ion of 52100 sl iding on 52100 in vacuum. 390 ft lmin, 1000 G. 
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Figure 8. - Coefficient of f r ic t ion for  Co sl id ing o n  Co in vacuum at var ious 
temperatures. m m  Hg, loo0 gm. 
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Figure 10. - Fr ict ion and lattice rat io (cia) for  t i t an ium alloys. 
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